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TESTS OF COLD-FORMED FERRITIC STAINLESS STEEL BEAMS 
Lianghao Li1, Ben Young2 
Abstract 
Ferritic stainless steel is characterized by its low or even no nickel content, which provides a good 
alternative to a more commonly used austenitic stainless steel (with 8.0-10.0% nickel content) in structural 
application. The low nickel content attributes to low initial material cost and more stable price for ferritic 
stainless steel. A series of four-point bending tests was conducted on both square and rectangular hollow 
sections to investigate the flexural performance of cold-formed ferritic stainless steel hollow sections. The 
experimental results obtained from this test program and the available data in the literature on cold-formed 
ferritic stainless steel beams were used to assess the current design rules in the American Specification and 
direct strength method. It is shown that the current design specifications provide conservative predictions for 
the cold-formed ferritic stainless steel beams.  
Introduction 
Ferritic stainless steel, which has low or even no nickel content, is considered to be a good alternative to 
austenitic and duplex stainless steels with a lower initial material cost, which is largely a function of nickel 
content. Although the lower nickel content results in reduced ductility and corrosion resistance compared to 
austenitic stainless steel, but ferritic stainless steel offers higher 0.2% proof stress of 36.3-47.9 ksi (250-330 
MPa) in the annealed condition (CEN 2009). One of the main elements is chromium, which contributes to a 
minimum of 10.5% in ferritic stainless steel (Cashell and Baddoo 2014). The most commonly used ferritic 
grades are EN 1.4003 and EN 1.4016. Ferritic grades EN 1.4509, EN 1.4521 and EN 1.4621 can be obtained 
by adding stabilizing elements such as niobium and titanium. The ferritic grades with stabilizing elements 
offer similar corrosion resistance to austenitic grades EN 1.4301 (304) and 1.4401 (316) (Cashell and 
Baddoo 2014). The current European design specification (CEN 2006) only covers ferritic grades EN 
1.4003, EN 1.4016 and EN 1.4512. Generally, the ferritic stainless steel can provide an attractive, 
competitive and economical alternative for the use of stainless steel. 
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Ferritic stainless steel is widely used in the automotive and domestic appliance sectors. However, example of 
structural application of ferritic stainless steel is rare due to lack of knowledge and research. Afshan and 
Gardner (2013) carried out a series of tests on cold-formed ferritic stainless steel hollow sections. Tensile 
and compressive coupon tests, column tests and in-plane bending tests were conducted on both rectangular 
and square hollow sections covering ferritic grades EN 1.4003 and EN 1.4509. It was found that ferritic 
stainless steels share similar structural performance as the other commonly used stainless steel. Bock et al. 
(2015) conducted tests on cold-formed ferritic stainless steel slender sections. Square and rectangular hollow 
sections of ferritic grade EN 1.4003 were tested under pure compression and in-plane bending conditions. 
This paper is aimed to study the flexural behaviour of ferritic stainless steel hollow sections. A series of tests 
on both rectangular and square hollow sections of ferritic grade EN 1.4003 was conducted. The experimental 
data obtained from this study and tests conducted by previous researchers (Afshan and Gardner 2013; Bock 
et al. 2015) were used to compare with the current design methods provided in SEI/ASCE-8 (ASCE 2002) 
for stainless steel and also the direct strength method detailed in AISI Standard (AISI-S100 2012) for cold-
formed carbon steel.  
Experimental Investigation 
Test specimens 
Four-point bending tests were conducted on ferritic stainless steel rectangular and square sections. A total of 
ten specimens, including four rectangular hollow sections and one square hollow section, were tested in this 
study. The rectangular hollow sections were tested about both the major and minor axes. The nominal aspect 
ratio (D/B) of the specimens varied from 0.4 to 2.5, and the nominal thickness varied from 0.08 to 0.16 in. 
(2.0 to 4.0 mm). The specimens were labelled in a way that the nominal dimensions including the overall 
depth of web (D), overall width of flange (B), and thickness (t) of the cross-section as well as the length of 
specimens (L) can be identified. For example, the label 80×60×4L1400R refers to the specimen with 
nominal cross-sectional dimensions depth (D), width (B), thickness (t) equal to 3.15, 2.36 and 0.16 in. (80, 
60 and 4 mm). The symbol “L” refers to the length of the specimen and followed by the nominal length, and 
in this case the specimen length is 4.59 ft (1400 mm). If the test was a repeated one, a symbol of “R” is 
added in the label. The specimen labelling also reveals on which axis the specimen was bent. For example, 
the label 80×60×4L1400 indicates that the specimen was subjected to major axis bending. However, the 
label 60×80×4L1400 indicates minor axis bending of the same section. The measured specimen dimensions 
are shown in Table 1, where D and B are the outer cross-section depth and width, respectively, t is the plate 
thickness, ro and ri are the external and internal corner radii, respectively, and L is the member length. 
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Table 1: Measured dimensions of the beam specimens 
Specimen 













60×40×4L1200 2.36(59.9) 1.58(40.1) 0.15(3.84) 0.26(6.5) 0.15(3.8) 3.93(1199.3) 
40×60×4L1200 1.58(40.1) 2.36(59.9) 0.15(3.83) 0.26(6.5) 0.15(3.8) 3.93(1199.5) 
60×60×3L1200 2.37(60.2) 2.36(60.0) 0.11(2.71) 0.23(5.8) 0.15(3.8) 3.93(1199.5) 
100×40×2L1400 3.93(99.7) 1.58(40.2) 0.08(1.94) 0.22(5.7) 0.16(4.0) 4.59(1400.5) 
40×100×2L1400 1.58(40.2) 3.93(99.7) 0.08(1.94) 0.22(5.7) 0.16(4.0) 4.60(1401.5) 
80×60×4L1400 3.16(80.3) 2.37(60.1) 0.15(3.73) 0.30(7.6) 0.17(4.3) 3.94(1200.0) 
80×60×4L1400R 3.17(80.4) 2.36(59.9) 0.15(3.73) 0.30(7.6) 0.17(4.3) 3.93(1199.0) 
60×80×4L1400 2.36(60.0) 3.16(80.3) 0.15(3.73) 0.30(7.6) 0.17(4.3) 3.94(1201.0) 
120×80×3L1400 4.72(120.0) 3.15(79.9) 0.11(2.81) 0.25(6.3) 0.16(4.1) 4.59(1400.5) 
80×120×3L1400 3.15(79.9) 4.72(120.0) 0.11(2.81) 0.25(6.3) 0.16(4.1) 4.60(1401.5) 
Table 2: Measured material properties obtained from tensile coupon tests 
Section 
( D B t  ) 
Flat coupon Corner coupon 
0.2 u εf oE 0.2 u εf oE
ksi (MPa) ksi (MPa) (%) ksi (GPa) ksi (MPa) ksi (MPa) (%) ksi (GPa) 
60×40×4 69.5(479) 71.4(492) 9.9 29878(206) 83.1(573) 92.8(640) 13.1 30313(209) 
60×60×3 65.1(449) 67.2(463) 23.8 30458(210) 77.3(533) 83.7(577) 11.9 29008(200) 
80×60×4 65.4(451) 67.3(464) 22.1 30458(210) 86.0(593) 91.8(633) 13.0 30313(209) 
100×40×2 60.9(420) 65.6(452) 28.9 29008(200) 78.9(544) 85.0(586) 11.7 29008(200) 
120×80×3 55.3(381) 64.3(443) 29.7 29008(200) 81.1(559) 86.6(597) 11.5 29443(203) 
Material properties 
Tensile coupon tests were conducted to determine the material properties of the test specimens. The coupon 
specimens were extracted in the longitudinal direction of the beam specimens and also from the same batch 
of specimens as used in the four-point bending tests. Coupons taken from both the flat and corner regions of 
the ferritic stainless steel specimens were tested. The static 0.2% proof stress ( 0.2 ), static ultimate strength 
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(
u ), elongation at fracture ( f ), initial elastic modulus ( oE ) were determined and shown in Table 2 for 
both the flat and corner coupon tests. Necking effect was observed for all tests at the mid-length of coupon 
specimens after reaching ultimate strength. The static 0.2% proof stress (
0.2 ) is treated as the yield stress     
(
yf ) of this material. 
Flat coupon tests 
Flat coupon specimens were prepared in accordance with the American standard ASTM E8M-15 (ASTM 
2015) using a 0.5 in. (12.5 mm) wide coupon and a gauge length of 2.0 in. (50.0 mm). The locations of the 
flat coupon specimens in the cross-sections are shown in Fig. 1. MTS testing machine was used to conduct 
the coupon tests. The coupon specimens were tested under displacement control method. Tensile load was 
applied to the specimens in a constant rate of 0.002 in./mm (0.05 mm/min) from commencement of the test 
to proportional limit in order to obtain sufficient data to determine the initial elastic modulus (Eo), as 
recommended by Huang and Young (2014). Loading rate was changed to 0.031 in./mm (0.8 mm/min) after 
the proportional limit to ultimate strength and further followed by a higher loading rate of 0.079 in./mm (2 
mm/min) to fracture. The coupon tests were paused by 100 seconds near the 0.2% proof stress and ultimate 
strength to obtain the static load by allowing relaxation of plastic stress. 
Corner coupon tests 
Strength enhancement is introduced to the cold-formed stainless steel specimens during the cold-forming 
process. The corner regions of the specimen are subjected to higher degree of cold-forming compared with 
the flat portions. Hence, it is necessary to conduct corner coupon tests. As shown in Fig. 1, corner coupon 
specimens were taken near the welds of the sections and prepared with 0.16 in. (4 mm) width and 1 in. (25 
mm) gauge length. Two holes of 0.28 in. (7 mm) diameter were drilled at a distance of 0.79 in. (20 mm) 
from both ends of the specimens. The coupon specimen was loaded between two pins through the two drilled 
holes to ensure that the loading was applied through the centroid of the specimen. The coupon specimens 
were tested under displacement control method and tensile load was applied to the specimens by a constant 
rate of 0.002 in./mm (0.05 mm/min) from commencement of the test to proportional limit. After that the 
loading rate was changed to 0.031 in./mm (0.8 mm/min) until fracture of the specimens. Similar to the flat 
coupons, the corner coupon tests were paused by 100 seconds near the 0.2% proof stress and ultimate 
strength to obtain the static stress-strain relationship of the ferritic stainless steel material. 
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Figure 1. Locations of tensile flat and corner coupons in the cross-sections 
Test setup and operation 
A total of ten four-point bending tests were conducted to determine the bending moment capacities and 
curvatures of the specimens. The schematic view of the four-point bending test arrangement is shown in Fig. 
2. The beams were simply supported and were simulated by half-round and roller support conditions. Both
major and minor axes bending tests were conducted for rectangular hollow sections. The moment span and 
shear span were carefully designed so that no specimen was failed due to shear failure. The beam specimens 
were either 3.94 ft (1200 mm) or 4.59 ft (1400 mm) in length. For the 3.94 ft (1200 mm) long specimens, the 
moment span and shear span were 1.31 and 0.98 ft (400 and 330 mm), respectively. For the 4.59 ft (1400 
mm) long specimens, the moment span and shear span were 1.64 and 1.25 ft (500 and 380 mm), 
respectively. Load transferring plates of 3.54 in. (90 mm) width were placed between the beam specimen and 
roller/half-rounds to provide uniform distributed loads at the supports and loading points. Stiffening plates of 
3.54 in. (90 mm) width were clamped to the web of the specimens at the supports and loading points in order 
to prevent any possible web crippling. In addition, wooden blocks were inserted at the locations of supports 
and loading points to prevent any possible local bearing failure. Three displacement transducers (LVDTs) 
were placed at the bottom of the two loading points and mid-span of the specimen to record vertical 
displacements. The readings were used to obtain curvatures of the specimens. A servo-controlled hydraulic 
testing machine was used to apply compressive force to the specimen by displacement control method at a 
constant loading rate of 0.039 in./mm (1.0 mm/min). The static load was recorded by pausing the applied 
load for 100 seconds near ultimate load. 
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Figure 2. Schematic setup of bending test 
Test results 
All the specimens failed within the moment span and no shear failure was observed. Out-of-plane bending 
was not observed for all the tests. Experimental ultimate moments (
ExpM ) and the corresponding curvatures 
(
Exp ) of the tested specimens are summarized in Table 3. Experimental ultimate moment ( ExpM ) was 
calculated by multiplying half the ultimate static load to the level arm, which is the length of moment span. 
Curvature was obtained by calculating the radius ( r ) of the curved beam specimen from the readings of the 
three LVDTs located at the two loading points and mid-span of each specimen, such that 1/ r  . The 
weight of the half-round, roller and steel plates were included in the calculation of ultimate moment. The 
static moment-curvature curve for each specimen is plotted in Fig. 3(a). Normalized moment-curvature 
curves were obtained by dividing the experimental moments by plastic moment (
plM ) and dividing the 
experimental curvature by the curvature corresponding to the plastic moment (
pl ), as shown in Fig. 3(b). 
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60×40×4L1200 5.3(7.2) 0.25(6.41) F >10.481 0.97 1.03 1.49 
40×60×4L1200 3.7(5.0) 0.25(6.38) F >7.351 0.93 0.91 1.31 
60×60×3L1200 5.1(6.9) 0.20(4.99) F 7.96 1.10 1.29 1.42 
100×40×2L1400 5.4(7.3) 0.07(1.83) F 2.67 0.97 0.74 1.37 
40×100×2L1400 2.2(3.0) 0.06(1.44) L+F -- 1.03 1.12 0.94 
80×60×4L1400 10.2(13.9) 0.20(4.99) F >14.041 1.02 1.43 1.47 
80×60×4L1400R 10.3(14.0) 0.19(4.94) F >14.031 1.03 1.42 1.49 
60×80×4L1400 8.0(10.8) 0.17(4.20) F 8.24 1.00 1.20 1.35 
120×80×3L1400 15.2(20.6) 0.05(1.32) F 2.82 1.05 0.80 1.50 
80×120×3L1400 9.6(13.0) 0.04(0.98) F 2.03 1.02 1.17 1.17 
60×60×2L17002 3.1(4.2) 0.04(1.07) -- -- 1.07 1.07 1.05 
70×50×2L17002 3.6(4.9) 0.03(0.87) -- 1.90 1.25 1.06 1.20 
50×70×2L17002 2.6(3.5) 0.05(1.17) -- -- 1.02 1.03 1.02 
80×40×2L17002 4.1(5.6) 0.03(0.80) -- 0.72 1.31 1.07 1.20 
40×80×2L17002 2.1(2.8) 0.06(1.44) -- -- 0.92 0.92 0.95 
100×40×2L17002 4.6(6.3) 0.02(0.63) -- -- 1.06 0.85 0.96 
40×100×2L17002 2.3(3.1) 0.06(1.40) -- -- 1.09 1.09 1.04 
120×80×3L15003 14.7(20.0) -- -- 1.45 1.29 1.09 1.17 
60×40×3L15003 3.9(5.3) -- -- >4.901 1.43 1.16 1.19 
80×80×3L15003 8.3(11.3) -- -- 1.86 1.26 1.09 1.14 
60×60×3L15003 5.8(7.9) -- -- 2.85 1.30 1.11 1.20 
Mean 1.29 1.12 1.17 
COV 0.145 0.096 0.101 
Note: 1 kNm = 0.737 kip·ft, 1 mm = 0.0394 in.
1 Full rotation capacity was not attained and R  based on maximum recorded deformation 
2 Data obtained from Bock et al. (2015) 
3 Data obtained from Afshan and Gardner (2013) 
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(a) Moment-curvature curves 
(b) Normalized moment-curvature curves 













































Rotation capacity (R), as shown in Fig. 4, is a commonly used measure of ductility for flexural member. The 








            (1) 
in which 
^
pl  is the total curvature of the specimen when the moment-curvature curve falls back below the 
plastic moment capacity (
plM ) as obtained from the test results, and pl  is the elastic part of the total 
curvature when 








  , where I is the moment of 
inertia of full section, and Eo is the initial elastic modulus. The theoretical plastic moment capacity ( plM ) 
was calculated by multiplying the plastic section modulus derived from full section with the 0.2% proof 
stress  0.2 obtained from the flat coupon tests. 
Full rotation capacities were not recorded due to excessive deformations in some of the beam tests, which 
resulted in termination of tests. However, ultimate load was reached for all beam tests in this study. For these 
cases, the maximum recorded curvatures were treated as 
^
pl and the corresponding rotation capacities (R) are 
shown in Table 3. 
Figure 4. Locations of 
pl , 
^






























Comparison of Moment Capacities 
General 
The experimental ultimate moments (
ExpM ) obtained from this study together with the test data obtained 
from Afshan and Gardner (2013) and Bock et al. (2015) were used to compare with the nominal moment 
capacities (unfactored design moment capacities). The measured specimen dimensions and the material 
properties were used in calculating the design strengths. The flat coupon material properties were used. 
American Specification 
The SEI/ASCE-8 (ASCE 2002) Specification for the design of cold-formed stainless steel structural 
members provides two alternative procedures for the calculation of flexural capacity. The two procedures are 
based on the concept of initiation of yielding and inelastic reserve. Both the two methods are assessed in this 
study. 
The Procedure I design method in Clause 3.3.1.1 of the Specification is based on the concept of initiation of 
yielding, which assumes linear stress distribution through the cross-section and the maximum stress is the 
yield stress that reaches the extreme fiber of the cross-section. This procedure is similar to the treatment of 
Class 3 and Class 4 sections in European design code (CEN 2006). The effective section modulus should be 
first determined using the effective width method and then multiplied by the yield strength to obtain the 
moment capacity (
yieldingM ). This procedure is expected to provide conservative predictions, especially for 
the stocky sections, due to the fact that plastic design is not taken into consideration. The mean value of the 
experimental-to-design ratio ( /Exp yieldingM M ) is 1.29 and the corresponding COV equals to 0.145.  
The Procedure II design method also in Clause 3.3.1.1 of the Specification involves the concept of inelastic 
reserve, which allows the spread of plasticity through the cross-section. Elastic-plastic stress distribution is 
allowed for the stiffened elements, referred as internal elements in European design code (CEN 2006), with 
the depth of the compressed portion of the web to its thickness within the codified limit. The calculation of 
moment capacity (
inelasticM ) is based on the equilibrium of assumed stress distribution through the depth of 
the effective section by means of effective width concept similar to the Procedure I. The mean value of 
experimental-to-design ratio ( /Exp inelasticM M ) is 1.12 and the corresponding COV  equals to 0.096, which is 
less conservative and less scatter than the first procedure. 
Direct strength method 
The direct strength method (DSM) is detailed in Clause 1.2.2 of Appendix 1 in the North American 
Specification for the design of cold-formed steel structural members (AISI-S100 2012). The direct strength 
method  involves elastic stability of gross section. Compared with the effective width method that requires 
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the determination of the effective width for each element, whereas the direct strength method does not 
require iterative process. The determination of moment capacity requires the calculation of minimum of the 
nominal flexural strength for lateral-torsional buckling (
neM ), local buckling ( nlM ) and distortional 
buckling (
ndM ). In this study, all specimens were doubly-symmetric sections. The specimens did not fail by 
lateral-torsional buckling and distortional buckling. For fully braced beams, the maximum of the nominal 
lateral-torsional buckling strength (
neM ) should be taken as the yield moment ( yM ), as specified in Clause 
1.2.2.1.2 in Appendix 1 of the Commentary on the North American Specification (AISI-S100C 2012). 
Therefore, the nominal flexural strength (
DSMM ) is then calculated by Equation (2): 
  yM  for λl ≤ 0.776 



































  for λl > 0.776  (2) 
where /l y crlM M  . It is noteworthy that the yield moment ( y f yM S f ) is the moment capacity 
calculated based on the elastic section modulus (
fS ) of fully unreduced section multiplied by the yield 
strength (
yf ), which is the 0.2% proof stress. The critical elastic local buckling moment ( crlM ) was obtained 
from CUFSM (Schafer and Á dány 2006). The mean value of experimental-to-design ratio ( /Exp DSMM M ) is 
1.17 with the corresponding COV  of 0.101. 
Conclusions 
Experimental investigation of cold-formed ferritic stainless steel beams has been presented in this paper. A 
series of tests was conducted on square and rectangular hollow sections under four-point bending condition. 
Coupon tests were conducted to determine the material properties of the ferritic stainless steel specimens. 
The experimental results obtained from this investigation together with the available data in the literature on 
cold-formed ferritic stainless steel beams were used to assess the current design rules in the American 
Specification (ASCE 2002) and the direct strength method (AISI-S100 2012). The design methods were 
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Appendix. – Notation 
B Overall width of the flange 
COV Coefficient of variation 
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D Overall depth of the web 
oE Initial Young’s modulus 
yf Yield strength 
  Curvature 
Exp Curvature corresponding to the experimental ultimate moment 
pl Curvature corresponding to the plastic moment ( plM ) on the ascending branch of moment-
curvature curve 
^
pl Curvature corresponding to the plastic moment ( plM ) on the descending branch of moment-
curvature curve 
L Length of specimen 
crlM Critical elastic local buckling moment 
DSMM Nominal moment capacity (Unfactored design moment capacity) predicted by the direct strength 
method 
ExpM Experimental ultimate moment  
inelasticM Nominal moment capacity (Unfactored design moment capacity) predicted by the approach by 
inelastic reserve capacity in American Specification 
ndM Nominal flexural strength for distortional buckling in direct strength method 
neM Nominal flexural strength for lateral-torsional buckling in direct strength method 
nlM Nominal flexural strength for local buckling in direct strength method 
plM Plastic bending moment 
yM Yield moment 
yieldingM Nominal moment capacity (Unfactored design moment capacity) predicted by the approach by 
initiation of yielding in American Specification  
R Rotational capacity 
r Radius of the curved beam specimen between the LVDTs located at the two loading points 
ir Inner radius 
or Outer radius 
t Thickness of specimen 
plW Plastic modulus of cross-section 
f Elongation at fracture 
0.2 0.2% tensile proof stress 
u Ultimate tensile strength 
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